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Abstract 
The feed servo system of CNC machine tool is a complex electromechanical coupling system. Due to the 
characteristics of time-varying parameters, load disturbances and motor nonlinear, it is difficult to model for the 
control system accurately. An approach is presented that a fuzzy adaptive PID controller is designed by the PID 
controller combined with the fuzzy controller based on the mathematical model of the CNC machine tool feed servo 
system. The controller is applied to control the feed servo system and gained better control performance. The 
simulation results show that this method not only has no static distortion, but also has a fast response with little 
overshoot. This fuzzy adaptive PID controller has high stability and accuracy. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
The feed servo control system of the CNC machine tool is an error control system which is used the 
PID control method traditionally. The PID controller is widely used in industrial process control and 
achieved good control effect duo to its simple structure, easy control, and non-static error. However, the 
traditional PID control is mainly for controlling a linear process with certainty model. In fact, the running 
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state of the feed servo system is complex which its parameter is variability and its model is uncertainty. 
Because the feed system dynamics model is not only related to the friction characteristics, but also 
considered the disturbance torque factors, especially taken the mechanical system damping, inertia, 
stiffness and other parameters into account, and the PID parameters is very difficult to get better. 
S.Jee, Y.Koren[1] introduced an adaptive fuzzy logic controller (AFLC) for precision contour 
machining which adjusts both input and output membership functions simultaneously. L.Y. Kuo, J.Y. 
Yen [2] addressed the use of the genetic algorithm (GA) to tune the servo controller in a multi-axis CNC 
machine center. Zhou[4] established a two-input and three-output of a single variable speed loop self-
tuning fuzzy controller which get better control performance than normal PID control. Shu[5] presented 
that servo system of NC machine tool can be controlled by means of PID controller combined with the 
fuzzy logic which is designed for application to position controller. Liu[6] proposed a method which the 
genetic algorithm is used to optimize fuzzy control rules for fuzzy-PID control system and the PID 
control parameters can be adjusted on-line. 
Because fuzzy control has its advantage of strong robustness, less sensitive to the parameters of the 
controlled object and small overshoots. This paper proposes that the fuzzy control is combined with the 
traditional PID control to apply to CNC machine tool servo control system. This controller not only has 
the flexibility and adaptability advantages of the fuzzy control, but also has high-precision characteristics 
of the PID control. The controller parameters can be adjusted automatically in real time for the control 
object which has a non-linear, time-varying and random.  
2. Modeling of Feed Servo System 
CNC machine tool is usually consisted of the CNC system, feed servo system, worktable and other 
components. The feed servo system is generally consisted of AC servo motor, ball screw, linear guides 
and measurement system. While the feed servo system receives the control command, it drives the work-
table moving fast and smoothly. The Servo drive system plays an important role in industrial field 
because the performance of machine is strongly influenced by the motion accuracy of the system. The 
measurement system is consisted of position, speed sensor such as grating, pulse encoder and its amplifier 
circuit. It realizes the position feedback, speed feedback to achieve a closed-loop control. The X-axis feed 
servo system is shown in Fig 1 (a). 
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Fig. 1. (a) The X-axis feed servo system; (b) The block diagram of feed servo system 
In feed servo system, the motor rotates following the change of control order, and its angular 
displacement is converted to the desired linear displacement of work-table by mechanical transmission 
device with high-precision gears and precision screw-nut. The mechanical transmission and electrical 
control structure chart of feed servo system is shown in Fig 1 (b). Duo to mechanical inertness, stiffness, 
friction, damping, backlash, it is obviously known that requirements of the servo system dynamic 
performance can not be achieved only by PID control conventional parameters tuning methods. 
Fig 1 (b) shows that the system transfer function is a link with a fifth-order lag system which taking 
the various components of the servo system into account. In order to facilitate the study, the servo system 
is transformed into a second-order system. The servo system transfer function is as (1): 
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3.  Adaptive fuzzy PID controller design 
Based on artificial control rules, the fuzzy controller generates the control decision table to determine 
the amount of control without mastering the precise mathematical model of controlled object. Fuzzy 
adaptive PID control system structure is shown in Fig 2. The figure shows that the system is consisted of 
two parts of the conventional PID control and the fuzzy inference control. The error e and error change 
rate ec is regarded as input of the fuzzy controller, and the gain variation ΔKp , ΔKi , ΔKd as output 
variables. The PID parameters are adaptively adjusted based on fuzzy control rules enough to meet the 
request of the control parameters for different e and ec.
Fig. 2. Fuzzy adaptive PID control system structure diagram 
The self-tuning PID parameters is calculated as follows:Kp=Kp0+ΔKp ,Ki=Ki0+ΔKi ,Kd=Kd0+ΔKd .
Where: Kp0, Ki0, Kd0 are the initial value of PID parameters, ΔKp , ΔKi , ΔKd are the output of fuzzy 
controller,  Kp, Ki, Kd is the final control output parameter values. 
The type of controller is defined “mamdani” type. The and method is set “min”, the or method is set 
“max”, implication methods is set as “min”, aggregation method is set “max”, defuzzification method is 
selected “centroid”. The triangular membership function is selected for both input and output variables. 
The domain is [-6, +6], and fuzzy set is {NB, NM, NS, 0, PS, PM, PB}.  
General, PID controller formula is as (2): 
∑ ++= )()()()( kecKkeKkeKkU dip                                                                                        (2) 
Where, e(k) is error and ec(k) is error changes, Kp, Ki, Kd are characterized parameters being indicated 
proportional, integral and derivative respectively. Proportional coefficient Kp plays role of speeding up the 
response rate and improving system regulation accuracy.  
While Kp is greater, the system response is faster, the regulation accuracy is higher, but the overshoot is 
too general, or even causes system instability. The role of integral factor Ki is to eliminate steady-state 
error. Ki is greater, static error eliminates sooner, but a larger integral saturation will cause overshoot. 
Differential coefficient Kd affect the system dynamics, Kd is greater, the error change is able to be 
inhibited, but larger differential coefficient will extend the regulating time, reduce the anti-interference 
capability. According to the output characteristics of the system achieved by the parameters of Kp, Ki, Kd,
the self-tuning principle for parameters of Kp, Ki, Kd is as follow: 
 If |e| is large, Kp should be taken a larger and Kd should be smaller to make the system has good 
tracking performance. Meanwhile, in order to avoid a larger overshoot of system response, the integral 
action should be limited, usually Ki is 0.
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 If |e| and |ec| is the middle, Kp should be get smaller to both reduce system respond overshoot and 
ensure a certain response time. In this case, Kd should be taken smaller because it has great effect on the 
system. Ki should be appropriate. 
 If |e| is small, in order to make the system has good steady-state performance, Kp, Ki should be 
increased. But, in order to avoid the system output response oscillation around the set value, and take the 
system anti-interference ability into consider, Kp should be appropriate. When |ec| is small, Kd should be 
taken bigger; while |ec| is large, Kd is small, usually Kd is the medium size. 
The fuzzy control rule figure of the three parameters of Kp, Ki, Kd  is shown in Fig 3. 
Fig. 3. The rule of fuzzy control parameters of Kp, Ki, Kd 
4. System Simulation 
A CNC machine tool X-axis feed servo system is as the study object, its table quality m=1500kg, 
screw pitch h=5mm, screw length L=1.5m, screw axial stiffness KB=1.1×10
8N/m, screw the contact 
stiffness KN=2.0×10
8N/m. The motor moment of inertia J=0.01323kgm2. The electromechanical coupling 
transfer function is determined based on the above parameters. A simulation system of fuzzy adaptive PID 
control in simulink diagram is shown in Fig 4.
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Fig. 4. The fuzzy adaptive PID control system in Simulink 
Quantization factor: Ke=0.2, Kec=0.1, Defuzzification factor: DKp=15, DKi=0.1, DKd=8, PID controller 
initial value Kp0=30, Ki0= 0.5, Kd0=15, Simulation time 4s, step signal is as input. 
In the start-up process, the fuzzy adaptive PID three parameters change is shown in Fig 5. The 
simulation results show that compared with conventional PID control, the fuzzy controller can correct 
three parameters ΔKp, ΔKi, ΔKd online according to the system error e and error change rate ec.
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Fig.5. The change of Kp, Ki, Kd in fuzzy adaptive PID control system 
The step response results of conventional PID control (C-PID) and fuzzy adaptive PID control (F-PID) 
is shown in Fig 6(a). For slope command input, the position tracking results compare between fuzzy 
adaptive PID and conventional PID control system is shown in Fig 6(b). The adaptive PID controller can 
get a better system dynamic response with a small overshoot amount, high precision, steady-state, better 
adaptability and robustness. 
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Fig. 6. (a) Step response of fuzzy adaptive PID control system compare with conventional PID control system; (b) Position tracking
results compare between fuzzy adaptive PID and conventional PID of slope command 
5. Conclusion 
This paper presents the control theory of feed servo system based on fuzzy PID control. The designed 
fuzzy PID control is applied to CNC feed servo system considering the electromechanical coupling effects 
including mechanical feed link. The controller can be online auto tuning the three parameters of PID 
controller by measured error and change rate of error. The fuzzy PID control is compared with a simple 
PID control on the system response，the simulation and experimental results show that the use of Fuzzy-
PID controller can reduce the difficulty of model construction; moreover, a good control can be achieved 
directly based on experience without model; the fuzzy-PID controller has higher robustness than 
conventional PID controller for a wide range; and the fuzzy-PID controller has rapid response and high 
accuracy.
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